Objective: Interictal epileptic spikes (IES) represent a signature of the transient synchronous and excessive discharge of a large ensemble of cortical heterogeneous neurons. Epilepsy cannot be reduced to a hypersynchronous activation of neurons whose functioning is impaired, resulting on electroencephalogram (EEG) in epileptic seizures or IES. The complex pathophysiological mechanisms require a global approach to the interactions between neural synaptic and nonsynaptic, vascular, and metabolic systems. In the present study, we focused on the interaction between synaptic and nonsynaptic mechanisms through the simultaneous noninvasive multimodal multiscale recording of high-density EEG (HD-EEG; synaptic) and fast optical signal (FOS; nonsynaptic), which evaluate rapid changes in light scattering related to changes in membrane configuration occurring during neuronal activation of IES. Methods: To evaluate changes in light scattering occurring around IES, three children with frontal IES were simultaneously recorded with HD-EEG and FOS. To evaluate change in synchronization, time-frequency representation analysis of the HD-EEG was performed simultaneously around the IES. To independently evaluate our multimodal method, a control experiment with somatosensory stimuli was designed and applied to five healthy volunteers. Results: Alternating increase-decrease-increase in optical signals occurred 200 ms before to 180 ms after the IES peak. These changes started before any changes in EEG signal. In addition, time-frequency domain EEG analysis revealed alternating decrease-increase-decrease in the EEG spectral power concomitantly with changes in the optical signal during IES. These results suggest a relationship between (de)synchronization and neuronal volume changes in frontal lobe epilepsy during IES. Significance: These changes in the neuronal environment around IES in frontal lobe epilepsy observed in children, as they have been in rats, raise new questions about the synaptic/nonsynaptic mechanisms that propel the neurons to hypersynchronization, as occurs during IES. We further demonstrate that this noninvasive multiscale multimodal approach is suitable for studying the pathophysiology of the IES in patients. KEY WORDS: Fast optical signal, Interictal epileptic spike, Electroencephalography, (De)synchronization.
Noninvasive functional imaging, such as optical imaging of the human brain, has become a key tool in neuroscience and epilepsy. Optical imaging can be classified into two broad groups; the first group analyzes the relatively slow changes in optical properties (on the order of seconds) and is known as functional near infrared spectroscopy (fNIRS), and the second group corresponds to fast optical signal (FOS) changes (on the order of milliseconds) related to neuronal activation, also known as event-related optical signals (EROS).
Optical imaging of the epileptic brain by concomitant electroencephalography (EEG) and fNIRS has been used to extract information about the hemodynamic consequences of epileptic neuronal activation in seizures and interictal epileptic spikes (IES). 1, 2 This technique has been developed to more clearly understand the interactions between neuronal and vascular networks in the epileptic brain with a higher temporal resolution than EEG-functional magnetic resonance imaging 3, 4 or to map epileptic networks. 5 fNIRS is based on changes in photon absorption related to slow relative changes in (de)oxyhemoglobin concentration occurring within seconds in response to neuronal activations. 6 FOS/EROS techniques have been developed to evaluate changes in photon scattering, which occur within milliseconds after neuronal tissue activation. 7 These disturbances of scattering properties are related to neuronal structural changes (swelling and shrinking) [8] [9] [10] [11] [12] [13] or changes of the refractive properties of neuronal membranes 14 during neuronal activation, independently of the type of neuronal cells activated. FOS can be used to investigate changes in the global cellular environment associated with neuronal activation and can be useful in pathologic situations such as epilepsy. 15 Cellular environmental changes in epilepsy, notably during IES, have been proposed to facilitate or predispose a network to pathologic synchronization (i.e., cellular swelling reducing the extracellular space, increasing extracellular K + concentration, facilitating ephaptic conduction). 16 Noninvasive FOS studies could, therefore, be used to develop a new noninvasive in vivo approach to study some of the mechanisms of neuronal synchronization in the epileptic brain.
We have recently used FOS in rodents to characterize changes in the scattering properties of epileptic tissue during IES. 15 The typical FOS responses during IES in rats consisted of changes in six phases in FOS occurring 320 ms before to 370 ms after the IES peak. These changes started before any alterations of the electrocorticographic (ECoG) signal. In addition, time-frequency representation (TFR) of ECoG revealed an alternating decrease-increasedecrease pattern in ECoG spectral power (corresponding to desynchronization-synchronization-desynchronization), which occurred concomitantly with an increase-decreaseincrease in the relative optical signal during the IES. 15 In the present study, we hypothesized that this relationship between (de)synchronization and optical changes is relatively independent of the species and the type of epilepsy and would correspond to a general mechanism involved in IES generation.
Although a general consensus has been reached concerning the principle of FOS in the brain, as many groups have been able to detect this signal, 15, [17] [18] [19] [20] various studies in humans have failed to report any changes in scattering properties when FOS was recorded from the scalp in event-related designs using different stimuli. 21, 22 Several explanations have been proposed to explain these difficulties. 23 By assuming that IES recorded on the scalp by EEG are related to intense activation of a fairly large population of neuronal cells (at least larger than that involved in event-related potentials [ERPs] ) and based on our previous results in an animal model, 15 we hypothesized that FOS could be extracted at least on the hairless scalp in epileptic children during IES occurring in frontal areas.
To test these hypotheses, in this pilot study, we analyzed the related changes in FOS together with neuronal synchronization surrounding the IES by means of a multimodal approach simultaneously combining scalp EEG with scalp FOS recordings associated with IES occurring in frontal areas in three children. To evaluate the specificity of the response, the same analysis protocol as that previously developed in the preclinical study in rats 15 was used in these epileptic children. This is the first time that FOS has been used in epileptic patients.
Methods

Participants
The study was conducted at Amiens University Hospital (France) and was approved by the hospital ethics committee (Comit e Pour la Protection des Personnes Nord-Ouest II). Three children were included in this study after their parents had been informed about the study and had provided their written informed consent (see Table 1 ). During the experiment, the subjects were asked to rest comfortably in a supine
Key Points
• FOS is associated with cellular mechanisms rather than hemodynamic responses and can capture brain activation with high temporal and spatial resolution (millimeters)
• By using noninvasive multimodal multiscale recordings of HD-EEG and FOS, we focused on the interaction between synaptic and nonsynaptic mechanisms
• We could detect the FOS changes in response to either endogenous neuronal activation (IES) or exogenous stimuli (median nerve stimulation) on hairless skin (in frontal areas or bald scalp)
• The present results suggest the FOS responses could correspond to a general mechanism independent of species and type of epilepsy occurring concomitantly with IES synchronization position in a quiet dark room and were instructed to stay fully relaxed and motionless.
Data acquisition
High-density EEG High-density EEG (HD-EEG) was acquired with Ag/ AgCl electrodes (n = 64), according to the 10/10 international system (EasyCap). The EEG was recorded by eemagine EEG software (eemagine Medical, Imaging Solutions, Berlin, Germany) and sampled at 1,024 Hz (ANT, Enschede, the Netherlands), in direct current (DC) mode. Only a notch filter (50 Hz) was applied. A mastoid reference was used for acquisition.
Video HD-EEG recordings were performed during quiet arousal. The electrode impedances were kept below 5 kO. The signals were re-referenced to an average reference for subsequent analysis. Patients were monitored by video to detect movements during acquisition, to subsequently exclude any altered data.
Optical imaging
NIRS measurements were carried out with a frequencydomain spectrophotometer (Imagent, ISS, Champaign, IL, U.S.A.) at a sampling rate of 62.5 Hz. A triangular patch was used for FOS recording with 16 detectors and four sources emitting light at 690 and 830 nm modulated at a frequency of 110 MHz. Detectors were placed on the upper and lower horizontal lines and sources were located in the midline (see Fig. 1 ). Each detector measured the amplitude (AC, alternating current), mean intensity (DC), and Phase (φ) of the modulated optical signal. DC signals were analyzed in this study. The patch was placed on the forehead of the subjects for IES experiments and on the scalp over the somatosensory cortex for cortical evoked responses to median nerve activation. This multidistance channel configuration allowed investigation of variations in the optical properties at different depths from the scalp. FOS and EEG recordings were synchronized by external triggers in all experiments.
Data processing
EEG analysis
Spike selection and artifact rejection. EEG data were rereferenced to an average reference for spike selection, artifact rejection, and all subsequent analyses. To increase the accuracy of selection of visual spikes presenting similar spatial distribution, shape, and morphology, spikes were semiautomatically selected after reviewing the EEG with BESA software.
First, typical spikes, characterized by diphasic or triphasic patterns distributed in the frontal areas, were manually selected. Second, IES sets presenting similar spatial distribution, shape, and morphology were automatically selected by BESA software. We used a 75% correlation cutoff between the search and target patterns with a reasonable range of between 60% and 90%. To clearly identify focal spikes emerging from the noisy EEG background signals, a 2-70-Hz bandwidth was applied. Single spike epochs were inspected for artifact contamination. Individual rejection criteria were based on the distribution of spike epochs in terms of mean amplitude and gradient (first temporal derivative) values. Spike epochs contaminated by artifacts after visual correction, representing a total of 15%, were rejected. Only spike epochs with background amplitude < 200 lV were considered. Artifact-free spike epochs were then submitted to the source localization and time-frequency spectral analysis steps described below. At the end of the marking process, the selected spike epochs were overlapped in a single diagram to confirm that they presented similar shapes (see Fig. 2 ). Finally, all steps of spike selection and artifact rejection were manually reviewed by two experienced neurophysiologists (F.W., E.B.-P.). For averaging, the maximum positivity (P1) of the detected spike was used as the zero time reference (T0) for subsequent FOS analysis acquired in parallel. The reference period was between À800 ms and À600 ms before the peak. After filtering with a zero-phase Butterworth filter between 3 and 15 Hz, the epochs containing the events were averaged from À800 ms to +800 ms around the maximum peak at T0 (see Fig. 2 ).
Spike source localization. The sources of the average spikes were estimated to assess the localization of the IES. For subsequent analysis, the sources of the spikes had to be located within the frontal cortex for each patient. Artifact-free spike epochs were averaged and filtered with a 1-Hz high-pass filter (high pass: 6 dB/octave, zero phase). A standardized finite element head model created from an averaged head of 50 individual magnetic resonance images in Talairach space (BESA Research template) was used. This head model provides a realistic approximation of three compartments (scalp, skull, and brain) and was applied with the following conductivity parameters: scalp, 0.33 S/m; skull, 0.0042 S/ m; and brain 0.33 S/m. The Standardized Low-Resolution Brain Electromagnetic Tomography (sLORETA) 24 algorithm was then used (see Fig. 2 ).
Time-frequency analysis. To more precisely characterize changes in neuronal activity occurring during each selected epoch, time-frequency analysis was performed for frequencies between 4 and 50 Hz. During the timefrequency averaging process, spike epochs were averaged without filtering to maintain the full bandwidth for timefrequency processing. TFR was performed according to the procedures described by Hoechstetter 25 and implemented in BESA Research. TFRs were first computed on each selected spike epoch (À800 to 800 around P1 peak, baseline = À800 to À600 ms before the peak of spike) at each frequency. TFRs were computed by applying complex demodulation. 26 The TFR was calculated over each spike epoch. Frequencies were sampled (Gaussian filter) in 2-Hz steps and latencies were sampled in 25-ms steps, corresponding to a time-frequency resolution of AE2.83 Hz and AE39.4 ms at each time-frequency bin (full width at half maximum). TFR was performed according to our previously described algorithm. 15 
FOS analysis
To eliminate respiratory artifacts without shifting the signal delay, the DC time series of FOS were preprocessed by filtering using a sixth order low-pass and a third order highpass zero-phase Chebyshev filter between 2 and 11 Hz with 0.1-dB peak-to-peak ripple. Baseline correction from À800 to À600 ms was then performed. To eliminate cardiac pulse artifacts, an independent component analysis algorithm plus one classification method was applied to all filtered signals, 15 and time series epochs (À800 to +800 ms) around the peak at T0 of the epileptic spikes were then selected and averaged. To avoid overlapping between responses, only spikes with intervals of >500 ms were considered. The waveforms from the channel with the highest signal-tonoise ratio FOS response were averaged (see Fig. 2 ). 
Preliminary control experiment
Participants
Five healthy bald right-handed male volunteers (age range = 30-45 years) participated in the control experiment.
This experiment was designed to provide an independent control condition to evaluate the method and FOS trends and the specificity of the FOS response to IES. Written informed consent was obtained from all subjects prior to the experiment and the study was approved by the local ethics committee (Comit e Pour la Protection des Personnes NordOuest II). This experiment was performed to obtain eventrelated optical signals in response to electrical stimulation of the median nerve. Significant FOS changes related to left median nerve stimulation were evaluated during stimulation using intensity measurements (DC signal).
Signal acquisition and data analysis in control experiment EEG was recorded using eight electrodes (FP2, FP1, T8, T7, C4, C3, O2, and O1) + one reference electrode placed on the scalp. The optical patch was placed over the somatosensory hand region of the right hemisphere (corresponding to S1 primary somatosensory cortex). Data recording was performed as described in the Data Acquisition section.
Electrical stimulation was delivered to the left median nerve (Nihon Khoden). We ran 50 blocks of 15-s stimulus trains at 2 Hz, at a stimulation amplitude adjusted to the motor threshold, to produce a just-detectable thumb twitch, with a random rest interval ranging from 18 to 20 s between each block.
The same patch was placed over the right-hand cortical somatosensory area. Signal processing was performed according to the same configuration as that described for FOS data processing, except that filtering was performed between 1.6 and 15 Hz. A baseline correction of 50 ms before stimulation was applied. The epochs of interest were considered between À50 and 500 ms around the stimulation time. More details can be found in the Data Processing section. Figure 2C , C 0 , and C 00 shows the FOS responses surrounding IES in each subject. The figures show individual average responses recorded in frontal regions over which IES presented maximum amplitude. The number of averaged spikes used for FOS responses was 300, 1,000, and 350 for the first, second, and third child, respectively. A similar FOS response trend was observed in the three epileptic children, but, as expected, was lower than that reported in our preclinical animal model. 15 This similarity of individual responses allowed grand averaging for all three children. After grand averaging, the FOS response can be divided into six phases (see Fig. 3 
Results
FOS responses
):
5 From 100 to 180 ms, a significant increase in the intensity of the detected light was observed. 6 Finally, after 180 ms, the FOS response was followed by passive return to baseline.
These results are consistent with but lower than the results of our previous preclinical study in rats. 15 A statistical test was applied to averaged response data to demonstrate significant differences between baseline and activity periods (see Fig. 3 ).
As a control test, random marks were considered the event times and the same processing method was applied on these random test events. Based on the results in parts B, B 0 , and B 00 in Figure 2 , no significant changes in FOS related to these random triggers were observed.
EEG response
The EEG epoch responses around IES in all head channels, a sample of a typical spike in one channel (above the head channels), and source localization are plotted in Fig. 2A, A 0 , and A 00 . Also the average of spikes in the EEG signal around the peak are plotted in Fig. 2D, D 0 , and D 00 . In the time domain, the duration of EEG changes is shorter than what can be seen in FOS responses. TFR Figure 2E , E 0 , and E 00 shows the TFRs of the EEG to elucidate the relationship between epileptic neural network activity and FOS changes occurring around the IES. This figure illustrates the decrease-increase-decrease pattern of EEG spectral power, which is almost parallel to changes of FOS responses over the same timescale.
Preliminary control study response
The grand average FOS responses of median nerve stimulation are plotted in Fig. 4A . As expected from our preclinical study, 15 the light intensity significantly decreased between 20 and 40 ms, simultaneously with the increase in the EEG spectral power related to the N20-P40 components of ERPs induced by median nerve stimulation, whereas no changes in the scattering or EEG spectral power were observed before the onset of median nerve stimulation. No significant decrease in light intensity was observed during the late evoked deactivation EEG response. These results are totally in line with our previous preclinical study 15 and with Maclin's findings. 20 
Discussion
In this study, we could detect FOS in response to either exogenous stimuli (median nerve stimulation) or endogenous neuronal activation (IES) on the hairless skin (bald scalp or forehead). The observed responses correspond to the expected responses on the basis of the preclinical study on rat cortex using the same data acquisition protocol and data analysis processes. In contrast with several studies that failed to record FOS responses in humans, 21, 22 the present study confirms the results of previous studies reporting a decrease in FOS related to neuronal activation. 9, 13, 15, 19 The FOS response was obviously weaker with a lower signal-tonoise ratio when recorded on the scalp than when recorded directly from the cortex. 15 The six phases of the FOS response in children were entirely consistent with the six clearly defined phases of FOS responses to IES observed in rats, but the FOS response was less significant in children. Recordings in children were performed under the best possible conditions for the hairless skin, but the FOS response was extracted from a much smaller number of IES (mean = 550 in children vs. mean = 1,500 in rats) that could be recorded over a reasonable recording period in children.
The very large number of spikes necessary for FOS analysis and the hairless skin condition constitute the main limitations to the routine use of scalp FOS in epilepsy. In this context, EEG clearly remains the reference technique in terms of time resolution for neuronal activation in the context of IES in epilepsy.
As in rodents, the six phases of the FOS response recorded in children during the IES were concomitant with the triphasic changes in ECoG and EEG power spectra in rats and humans, respectively. The decrease in power spectra preceding the spike was more marked in children than in rats. Concomitant changes in light scattering and power spectra of neuronal activity, therefore, constitute a general mechanism independent of the species and probably independent of the type of epilepsy.
In our previous work, we comprehensively discussed the hypotheses concerning the origin of FOS changes and, on the basis of the dominant hypothesis, we interpreted FOS findings in terms of membrane structural changes. 15 Briefly, FOS changes are expected to be related to membrane structural changes such as changes in cell conformations, water contents, and/or cell volume occurring within a few milliseconds after neuronal activation. The six phases of FOS occurring concomitantly with the triphasic pattern observed for the EEG power spectra would, therefore, correspond to a "swing" of relative shrinking-swelling-shrinking, which is more or less simultaneous with a swing of relative desynchronization-synchronization-desynchronization of the underlying neuronal network. This type of alternating neuronal synchronization has been observed by different groups in epileptic patients directly from multiunit activity recordings 27 or from scalp EEG 28 and in rats. 15 Changes in ECoG power spectra reflect the complex interactions in the excitability of neurons in the underlying epileptic networks. 27 The simultaneous alternation of FOS observed in epileptic rats 15 and children are related to changes in the mechanical properties of the underlying cellular networks. Unlike EEG, which results from dipoles generated on the dendrites of pyramidal cells, FOS is thought to reflect mechanical changes in a more complex cellular population.
In addition to the role played by glial cells in the neurovascular coupling induced by interictal epileptic spikes, 3, 4 glial cells are likely to participate in membrane biophysical properties changes, with swelling and shrinking, induced by IES. 15 The FOS changes are subtended by modifications of membrane configurations, themselves associated with changes in ion concentration generated by channel openings and closings in the course of IES. Also, studies on cultured astrocytes showed that glutamate application can induce astrocyte swelling. Glial cells swell in activated cortex as they absorb excess interstitial ions. 29 However, the glial activity is considered to occur slowly over seconds to minutes, in contrast to the rapid activity of neurons (i.e., in milliseconds). 9 This hypothesis fits well with the idea that glial processing is the consequence of neuronal activation. Recent studies performed in vitro following high-frequency stimulation of the hippocampus 30 demonstrate fast glial response (hundreds of milliseconds) compatible with its contribution in the FOS response. Looking at the temporal dissection of the optical signal generation, Pal et al. proposed that the spatiotemporal intrinsic optical signal reflects both glutamatergic neuronal activation and astroglial response. 30 This high-temporal resolution study suggested that the neuronal swelling might still arise faster than the glial swelling, which can explain the FOS response to exogenous stimulation (e.g., following median nerve stimulation).
The story might be different in the context of endogenous activity (i.e., IES), which rely on a progressive integration of neuronal and nonneuronal mechanisms, starting well before the IES onset. There are some recent hypotheses suggesting that the paroxysmal depolarization shift, the intracellular analogue of the IES, was due to glutamate release from astrocytes and not from neurons. 31 In contrast, patch clamp recording and Ca 2+ imaging of the entorhinal cortex in guinea pig suggested that the astrocytes might be required for seizure initiation but not for interictal activity. 32 In our previous studies 3, 4 and other research, 33, 34 it has been demonstrated that cortical hemodynamic changes started well before (seconds) any obvious ECoG alterations related to the IES. This supposes that the history of the IES develops before with the engagement of nonsynchronized pyramidal neurons, glial cells, and/or non-neuronal mechanisms. 3, 4 In this progressive cumulative condition, the delay between neuronal and astroglial activities might be faded, and FOS would reflect both neuronal and astroglial participation. Therefore, a complex neuron to astroglial signaling interaction, sustained by at least glial glutamate uptake, might participate in the complex nonneuronal mechanisms that propel the neurons to synchronize.
The type of cells and the mechanisms scanned by FOS changes and EEG are therefore relatively different but present the same time resolution. The main advantage of FOS and EEG coregistration would, therefore, be to provide a better understanding of the possible mechanisms that propel neurons to hypersynchronization during IES.
Concomitant changes in ECoG and FOS signals are observed in the same directions. 15 In particular, swelling (decreased light scattering) observed during hypersynchronization is likely to result in a reduction of the extracellular space and would enhance ephaptic conduction and electrolyte and neurotransmitter concentrations. 35 In turn, this effect might amplify high-frequency oscillation and increase neuronal synchronization, 36 causing the epileptic network to enter a pathological loop. In contrast, shrinking occurring after hypersynchronization would increase the extracellular space and facilitate the disengagement of neurons from the epileptic loop. 15, 35, 37 In our previous study, we proposed the hypothesis that early changes in light scattering and concomitant desynchronization before hypersynchronization might increase the extracellular space and decrease extracellular glutamate and potassium concentrations 38 and consequently reinforce the effect of transient membrane hyperpolarization induced by activation of local inhibitory interneurons, 38 occurring prior to the rebound effect that immediately induces hypersynchronization of the principal cells involved in the IES. 15, 39 In conclusion, our results confirm that FOS can be noninvasively detected on hairless human scalp in response to somatosensory exogenous stimulation. This multimodal (EEG-FOS) study also describes the FOS changes observed in epileptic children in response to endogenous hypersynchronization related to IES recorded by EEG over frontal areas. As the FOS response was very similar to that previously described in the preclinical animal model, 15 it could correspond to a general mechanism independent of the species and type of epilepsy occurring concomitantly with IES synchronization. The intimate mechanisms supporting the concomitant changes of FOS and neuronal activity during epileptic spikes deserve further in vitro analysis at the cellular level. However, the present results suggest that the mechanisms involved are fairly specific to epileptic spikes, independently of the species and probably independently of the type of epilepsy. Like the swing in synchronization, the swing in optical signal reflects concomitant changes in membrane electrical and mechanical properties exerting convergent effects that propel the network to hypersynchronization of the IES. This type of optical signal has a potential to contribute to the spatial and temporal characterization of other various types of brain responses, which could shed new light on the mechanisms behind them.
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